Summary. Plasma growth hormone profiles in adolescents with Type i (insulin-dependent) diabetes mellitus are characterized by both increases in pulse amplitude and higher baseline concentrations. To determine which of these abnormalities adversely affect metabolic control, we studied six young adults overnight on three occasions. On each night somatostatin (50-100gg.m2-1.h -I) and glucagon (lngkg-l.min -I) were infused continuously and 18mU/kg of growth hormone was given as either: three discrete pulses of 6mU.kg-l.h -1 at 180-rain intervals or a 12-h infusion (1.5 mU-kg -1. h -~) or buffer solution only on a control night. Euglycaemia was maintained by an insulin-varying clamp. Blood samples were taken every 15 min for glucose and growth hormone and every hour for intermediate metabolites and non-esterified fatty acids. Comparable normoglycaemic conditions were achieved on all three nights. Growth hormone levels achieved (mean_+ SEM) on study nights were: 32.8 + 2.2 mU/1 (peak level during growth hormone pulses); 9.8 + 0.8 mU/1 (continuous growth hormone) and 1.1 + 0.3 mU/1 (control level). Pulsatile growth hormone administration led to an increase in insulin requirements (mean _+ SEM: 0.17 + 0.03 vs control 0.09 + 0.01 mU. kg -~. min-1, p < 0.05) whereas insulin requirements following continuous growth hormone administration were unchanged. Cross-correlation confirmed an increase in insulin requirements occurring 135 min after a growth hormone pulse (r = 0.21, p < 0.001). Growth hormone administration (continuous and pulsatile) led to a significant increase in B-hydroxybutyrate levels compared to the control night: 0.21 _+ 0.01 mmol/1 (mean + SEM), 0.29 + 0.01 mmol/1, 0.08 _+ 0.01 mmol/1 (p < 0.001) during the night with pulsatile growth hormone, continuous growth hormone and control respectively. Mean plasma non-esterified fatty acids were :also increased following growth hormone administration: 0.94 _+ 0.04 mmol/1 (mean + SEM), 1.09 + 0,07 mmol/1, 0.61 _+_ 0.05 mmol/1 (p < 0.003), during the night with pulsatile growth hormone, continuous growth hormone and control respectively. It appears that the pulsatile and baseline growth hormone signals have contrasting metabolic effects in young adults with Type 1 diabetes mellitus.
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Increased spontaneous growth hormone (GH) secretion in patients with Type i (insulin-dependent) diabetes mellitus is well documented [1] [2] [3] [4] [5] . Elevated GH levels cause metabolic decompensation [6] and are implicated both in the pathogenesis of microangiopathic complications [7, 8] and in the dawn phenomenon secondary to elevated nocturna! surges of GH [%12] . We have recently demonstrated a direct relationship between nocturnal GH and the dawn increase of insulin requirements which was reversed by GH suppression with the anticholinergic drug, pirenzepine [13] .
In normal subjects GH secretion is pulsatile. During adolescence and in young adults, GH is secreted mostly at night. The dominant pulse periodicity of GH is 180 min and concentrations tend to return to a low baseline for part of the night [14] . GH secretion is also pulsatile in Type 1 diabetes but profiles are characterized by increased maximal GH amplitude [5, 15] and by elevated baseline (non-pulsatile component) concentrations [5, 16] . Deconvolution of GH profiles suggests that the dominant pulse periodicity may also be reduced in Type 1 diabetes [17] .
Whereas GH pulsatility has been shown to be important in the generation of insulin-like growth factor I in experimental animals [18, 19] , the metabolic effects of pulsatile vs continuous GH administration have been studied less often. Perriello et al. [20] recently reported that nocturnal pulses of GH led to the decreased insulin sensitivity of the dawn phenomenon. However, that study did not clearly elucidate whether other reported effects of GH on ketogenesis and lipolysis were more evident after continuous or pulsatile GH release.
We have undertaken overnight studies in young adults with Type 1 diabetes where the effects of continuous or pulsatile GH administration on ketogenesis, lipolysis, and insulin requirements were compared with a control night during which endogenous GH secretion was suppressed with somatostatin.
Subjects, materials and methods
The subjects were six young adults (two female, four male, median age: 19 years (range 14-26 years) with Type I diabetes. Median duration of diabetes was 10 years (range 6-18 years). Their diabetes was controlled with insulin (median 0.68 U.kg-~-day -I, range 0.45-0.95 U. kg-1. day-1) given two to four times daily. They were taking no other medication. The median HbA~ level was 8.8% and was measured close to the date of study (range 6-12.5 %; reference range 3.8-6.0 %). The median weight was 66.6 kg (range 52-80.75 kg), median surface area 1.78 m 2 (range 1.48-2.05 m 2) and they were nonobese (median BM123.6 kg/m a, range 21.9-26.9 kg/m2). All had normal renal and thyroid function. The studies were approved by the Central Oxford Research Ethics Committee and were carried out at the John Radcliffe Hospital, Oxford.
Study design
Each subject was admitted on three separate nights (19.00-08.00 hours). Four out of the six subjects participated on all three nights; one for the pulsatile GH study and control; and one for 12-h continuous GH study and control. The study was double-blind to both operator and patient and the sequence of these studies was varied at random.
Nocturnal GH plasma levels found in Type 1 diabetes [5] were reproduced in study subjects by an estimate of GH secretory dose using deconvolution [17, 21] of an overnight GH plasma profile (previously obtained from an adolescent with diabetes) to achieve similar physiological plasma levels in the subjects studied. A total dose of 18 mU/kg r-hGH was given as either a 12-h continuous intravenous infusion (1.5mU.kg-l-h -1 given between 20.00-08.00hours) to achieve a raised baseline level; or three separate 1-h pulses (6 mU-kg i.h 1 at 22.00-23.00 hours, 01.00-02.00 hours, 04.00-05.00 hours) to reproduce the pattern of nocturnal pulses of GH. On a control night no GH was given. On all study nights endogenous GH secretion was suppressed by a somatostatin infusion and glucagon was infused. Euglycaemic conditions were maintained using a variable rate insulin infusion. The rate of the insulin infusion was calculated by a microcomputer programme [22] . The target blood glucose concentration entered into the programme for the clamp studies was 5.0 mmol/1. During the clamp, the mean insulin infusion rate required for the attainment of a steady blood glucose concentration within the euglycaemic range was calculated.
Procedures
An identical protocol was performed on each night: withdrawal of exogenous insulin, the evening meal and cannulation were as previously described [13] . Subjects were admitted at 16.30 hours on the study day and had their evening meal before 18.00 hours. A double lumen catheter was inserted into a main vein at the wrist of one arm and a second cannula into the antecubital vein of the same arm.
The cannula (Viggo, 22 gauge) inserted into the antecubital vein and attached to a y-connector was used for the infusion of insulin, somatostatin, glucagon and GH. The insulin infusion (0,1 U/ml) was made by adding 5 U of soluble insulin (Actrapid; Novo, Copen-543 hagen, Denmark) and 2 ml of subject's blood (to prevent adsorption) to 48 ml 0.9 % NaC1. The syringe was changed three times during the night and new insulin was used on each occasion. The insulin was infused using a Treonic IP3 Syringe pump (Vickers Medical, Basingstoke, UK).
The somatostatin infusate (30 gg/ml) was made by adding 1.5 mg of somatostatin 1-14 (Stilamin, Serono, S.p. A, Rome, Italy) to 0.9 % NaC1 and was infused at a rate of 50-100 gg-m 2-1. h-1 between 19.00-08.00 hours by a similar Vickers syringe pump. The solution was changed after 6 h.
A glucagon infusion (1 gg/ml) was prepared by adding 0.5 mg of glucagon (Novo Industri, Bagsvaerd, Denmark) to 0.9 % NaC1 and this was infused through a Vickers syringe pump at a rate of 1 ngkg-1. min-1 between 19.00-08.00 hours.
The GH solution (80 mU/ml) was prepared by adding 4 IU r-hGH (Genotropin, Kabi, Stockholm, Sweden) to 50 ml of phosphate buffer solution (aminoacetic acid (glycine) 24 mg/ml; sodium dehydrogen phosphate 0.65 mg/ml; monosodinm dihydrogen phosphate 0.3 mg/ml). During the control night, buffer only was infused. The GH/buffer or buffer only was provided to the operator in 50 ml syringes labelled as solution A and solution B. Solution A was infused at a steady rate of 0.02 ml. kg-1. h-1 (20.00-08.00 hours) using a Vickers syringe pump. Solution B was infused at 0.08 ml. kg 1. h-1 at three separate hourly periods, using a modified Vickers pump attached in series circuit to a multi-function digital timer (setting accuracy: _+ 0.5 % of set time; repeat accuracy: _+ 0.3 % of set time) which was programmed for a time setting of 60 rain on and 120 min off to control the infusion rate. The clock was set to start at 20.00 hours in "off" phase.
The intravenous cannula inserted into the hand was used for sampling using a continuous blood withdrawal system via a WatsonMarlow 101 U peristaltic pump (Watson-Marlow Ltd, Marlow, UK). The forearm was maintained in a heated box throughout the night to arterialise the venous blood [23] . The blood was prevented from clotting by use of a double-lumen cannula and continuous heparinization [22] .
The blood was collected in 15-rain aliquots in lithium-heparin tubes for later GH assay but the first two or three drops of blood from each tube were collected in fluoride tubes for immediate blood glucose assay. Hourly samples were also collected in lithium-heparin tubes for plasma free insulin, metabolites and non-esterified fatty acids (NEFA) assays.
When all study nights were completed, the code for random assignment was opened and analysis of data was carried out.
Samples and assays
Whole blood glucose concentration was determined by a Yellow Springs Instruments analyser (Clandon Scientific Ltd, Hants, UK).
Samples for GH assay were spun, separated and the plasma was frozen and stored at -20~ until assay. Plasma GH concentrations were measured by immunoradiometric assay (Netria, St Bartholomew's Hospital, London, UK) using an international reference standard 80/505 and all the samples from each individual overnight profile were analysed in the same batch. The inter-assay coefficients of variation (CV) at GH concentrations of 3.5, 15.2 and 77.4 mU/1 were 9.4 %, 7.7 % and 10.5 % respectively and the intra-assay CV at GH concentrations of 2.9, 14.3 and 69.4 mU/1 were 8.0 %, 2.0 % and 3.4 % respectively.
For measurement of plasma free insulin, 1.0 ml whole blood was added immediately to 0.6 ml ice-cold 25% polyethylene glycol (PEG; mol. wt. 6000; Sigma Ltd, Poole, UK). Samples were stored at 0 ~ to 4~ then centrifuged and separated within 13 h [24] . The plasma was stored at -20~ until assay by double-antibody radioimmunoassay (Guildhay Antisera Ltd, Guildford, UK) modified from Morgan and Lazarow [24] . Interassay CVs at 12.2 and 47.2 mUff were 5.5 and 8.6 %, respectively.
For ketone measurement 1.0 ml whole blood was added immediately to 3.0 ml of ice-cold 10 % perchloric acid (PCA) and mixed. Samples were stored at 0-4 ~ for up to 13 h, then spun and the pre- 
Statistical analysis'
Results are given as mean -+ SEM unless otherwise stated. Blood glucose and insulin infusion data were normally distributed. Log-transformation normalised the ketone, lipid and plasma free insulin data and therefore parametric statistical techniques have been used on these log-transformed data. Student's paired t-test was used for comparisons of mean data between profiles and at individual time periods. Analysis of variance (two-way ANOVA) was used to examine changes with time and confirm differences between study nights. An F test of variance was used to compare differences between the insulin infusion rates on the three study nights.
Cross-correlation [27] was used to examine the phase relationships between oscillations in the OH data and insulha requirements. This involves time series data (GH pulses) being correlated with insulin infusion rates which are then lagged with respect to the GH pulses by intervals of I min and correlated again. Data in phase have a positive r value at zero lag. If there are regular cycles the serial values of r will fall until they reach a nadir when the data are 180 ~ out of phase. The first positive peak represents the period of any regularly recurring cycle.
Results

Growth hormone
Endogenous plasma GH levels were effectively suppressed after i h somatostatin infusion on all study nights before administration of GH/buffer. GH (mean + SEM) 0.08 • 0.2 mU/1, 1.4 • 0.04 muff, 1.1 _+ 0.3 mU/1 on nights with pulsatile GH infusion, continuous GH infusion and control respectively ( Table 1 ). The GH dose administered during the continuous infusion ranged between 78-121 mU/h and between 312-484 mU/pulse on the night of pulsed GH administration. Mean GH (20.00-08.00 hours) levels achieved were similar at 9.7_+0.4 and 9.8 • 1.5 mU/1, respectively. Mean GH levels on the control night remained suppressed at 1.1 _+ 0.1 mU/1.
Following pulsatile GH administration, plasma levels rose by 30 rain and reached peak plasma levels by 60 min. After the cessation of the GH infusion, the pulse was sustained for 30 rain (time taken to re ach half-peak levels) and had reached suppression levels by 60 rain. Pulse characteristics achieved in all study patients (n = 5) were similar and there were no differences between the first, second and third pulses (mean peak GH levels, 29.2 • 2.7 vs 3t.6 • 2.6 vs 33.7 + 3.2 mUff respectively;p = NS) (Fig. i a) .
Administration of continuous GH infusion resulted in a rise in plasma GH levels by 30 rain and levels reached a plateau level by 120 min. Thereafter, steady GH levels were observed (8.6-10.8 mU/1) (Fig. lb) .
The glucose clamp
Euglycaemia ( < 6 retool/l) was achieved by 22.00 hours on all study nights. The lowest blood glucose levels measured at any time were no different on any of the three occasions and no subject became hypoglycaemic. Euglycaemic mean clamp glucose levels achieved on the study nights (01.00-08.00 hours) were comparable: 5.5 • 0.5 retool/1 during continuous GH infusion, 5.9 _+0.5 mmol/1 during the ptflsatile GH infusion and 5.3 • 0.4 mmol/1 during the control night (Fig. 2) . However, during the night with a pulsatile GH infusion, blood glucose levels were more difficult to control despite increases in insulin infusion rates and were significantly higher between 05.00-08.00 hours. This was reflected in a significantly higher fasting glucose level during the pulsatile GH infusion night (6.5 _+ 0.4 mmot/1) when compared with the control night (5.4 + 0.5 mmol/1,p < 0.001).
Insulin infusion requirements and plasma insulin levels
Mean insulin requirements between 01.00--08.00 hours were greater during the pulsatile GH infusion (0.17 • 0.03 mU-kg-1 rain-x) when compared with the control night (0.09 + 0.01 mU. kg-1. min-1; p < 0.05)). Insufin requirements during the night when continuous GH was infused (0.10+0.01 mU.kg-~-min -1) were not significantly different from the control night. F test on the variance showed an increased variability of the insuhn infused on the night when pulsed GH was given compared with either nights of continuous GH administration or control (p < 0.01).
The change in insulin requirement during the night when pulsatile OH was administered represents a mean Time ( h ) Fig.1 . Plasma growth hormone (GH) profiles. Mean + SEM levels achieved on study nights during pulsatile GH administration (top panel), continuous GH administration (middle panel) and control night (lower panel) increase of insulin infusion requirement of 88.8 % during the night. Plasma free insulin levels (01.00-08.00 hours) were correspondingly higher on the night with a puIsatile GH infusion: 26.53 + 3.01 mUff vs control 17.16 +0.42 mUff (p = 0.01) (Fig.2) . Mean plasma free insulin was also significantly higher during the night of pulsatile GH administration (26.5+3.01 mU/l) than during continuous administration (17.16 + 0.42 mU/1; p = 0.01).
During the night when pulsatile GH was administered, despite an 88 % increase in insulin infused, mean blood Insulin requirement and GH pulsatility Figure 3 shows the relationship between insulin infusion rates and GH pulses during the night of pulsatile GH administration. There appeared to be a rise in insulin requirement approximately 2 h following a GH pulse which was maximal at 3 h and had fallen again by 4 h. Crosscorrelation was used to elaborate this relationship further and it showed that changes in insulin infusion rates and GH pulses showed a maximal significant positive association (r = 0.21, p < 0.001) with a lag time 135 rain (Fig. 4) , indicating that an increase in insulin requirement lagged 135 min after a GH pulse.
Metabolic effects
The pattern of B-hydroxybutyrate, acetoacetate and NEFA concentrations during the study nights are shown in Figure 5 . Plasma ketone levels showed an initial fall The increased GH concentrations in Type i diabetes have Time ( h ) been causally related to adverse metabolic effects on glu- Fig.3 . The overnight oscillations of insulin infusion requirements cose control [6] , insulin sensitivity, ketogenesis and lipid (--) (mean • SEM) and the plasma concentration of growth hormetabolism [28, 29] . GH has both insulin-like and anti-inmone (---) (mean • SEM) daring the night of pulsatile growth horsulin-like properties [30] . Early insulin-like and delayed mone administration insulin-antagonistic effects of human GH on glucose metabolism have been observed during infusion of human GH in normal subjects [31] . The insulin-like effects occur from 19.00 hours levels, and then rose steadily from within i h of the initiation of human GH infusion and are 21.00 hours (during the night of continuous GH infusion)
attributed to a decrease in hepatic glucose production and and 23.00 hours (during the night of pulsatile GH infuan increase in peripheral glucose utilization. These effects sion) until peak levels were reached between 01.00-are transient and 4-6 h later, the insulin antagonistic ef-02.00 hours. No change was observed on the control night, fects of GH predominate. In normal man exogenous GH The levels of ketones then remained at this high level until administered to physiological levels causes insulin resis-08.00 hours. The rise in B-hydroxybutyrate was more protance, impairing the ability of insulin to suppress hepatic nounced during the nights with continuous GH adminisglucose utilization [32] . This hyperglycaemic effect is tration, characterised by decreased insulin receptor binding afMean overnight (01.00-08.00 hours) B-hydroxybutyrfinity, as well as a probable post-receptor defect [32, 33] . In ate levels were significantly increased on both GH normal subjects these effects can be modified by a corninfusion nights: 0.21 + 0.01 mmol/1 (mean + SEM), pensatory increase in insulin secretion. In subjects with 0.29 + 0.01 mmol/1, 0.08 + 0.01 mmol/1 (p < 0.001) during Type i diabetes similar effects can be demonstrated by an the night with pulsatile GH, continuous GH and control, increased insulin requirement during clamp studies. respectively. Plasma acetoacetate concentrations folIn our studies an increase in insulin requirements was lowed a similar pattern: 0.156 + 0.006 mmol/1, observed following pulsatile GH administration, but not 0.183 + 0.006 mmol/1, 0.092 + 0.004 mmol/1 (p < 0.001) when an identical amount of GH was administered as a during the nights with pulsatile GH, continuous GH and control, respectively. These changes were confirmed by ANOVA using log transformed data, and the greatest changes were detected on nights where GH was adminis-0.5 o tered continuously but levels on both nights where GH t,, was administered were greater than control nights. " o.2 5 -Lactate levels fell initially from 20.00 hours and did not ~ 2% vary significantly over time during the later period (01.00-E 08.00 hours, F 1.13, p=NS) on any of the treatment nights. However, there was a small but significant dif-= ~ 0.00 ference in the changes of levels on the night of pulsatile "-~ GH (F 5.9,p < 0.05) and continuous GH ( Minutes from GH data ( Lag time ) Overnight (01.00-08.00 hours) mean levels of NEFA continuous infusion. These observations were confirmed by the finding of higher insulin concentrations on nights when pulsatile GH was administered than on control nights and nights of continuous GH administration despite similar euglycaemic conditions. Perriello et al. [20] in a recent study of subjects with Type i diabetes observed a similar difference when they compared the effects of basal vs basal and pulsatile GH administration. We noted a clear temporal relationship between the GH pulses and the change in insulin requirement which was confirmed by cross-correlation analysis. A change in insulin requirements was observed 135 min after a GH pulse which lasted 240 rain. Moller et al. [34] in a study of the effects of GH pulse administration on forearm substrate fluxes in humans showed a change in glucose uptake which was maximal at 120 min and sustained for 240 min. Levels of GH achieved in those studies (21 ~tg/1 = 42 mUff) were higher than those achieved by us (31.5 mUff) but the changes in insulin sensitivity were very similar. These changes in insulin sensitivity cannot be explained by changes in plasma IGF-I levels, as the lag period for IGF-I production is 8 h and no differences in mean or 08.00 hours levels of IGF-I measured by radioimmunosassay were observed when the three study nights were compared (data not shown).
These observations may have implications for our understanding of the dawn phenomenon 9 Studies indicate that the dawn phenomenon is due to a decrease in insulin sensitivity induced by nocturnal surges of GH secretion [%12]. We and others have shown that the dawn increase in insulin requirements can be correlated with parameters of GH pulse amplitude (mean GH, sum of peak amplitude) and suppression of nocturnal GH release appears to reduce the extent of the dawn increase in insulin requirement [12, 13] . Perriello et al. [20] in their studies compared insulin requirements between 24.00-02.00hours and 06.00-08.00 hours and noted an increase in insulin requirements on nights where basal GH administration was supplemented by pulsatile GH delivery compared to nights where only basal GH levels were replaced. In our studies such comparisons were not possible because of the oscillations in insulin requirements following GH pulses.
The plasma profiles which we achieved when GH was administered as pulses were comparable to those observed in adolescents with Type i diabetes [5] with first pulse peak occurring at 23.00 hours. The pulse frequency we chose was 180 min; this being the dominant pulse periodicity in normal [14] and diabetic subjects determined by Fourier analysis during puberty [5] . However, there is evidence that the number of GH pulses overnight may be greater in young adults [16] and adolescents with Type 1 diabetes [17] . An increase in pulse frequency might lead to a gradual recruitment of insulin resistance throughout the night. Further, in a recent study, Fowelin et al. [35] showed that the duration of the insulin resistance following a GH pulse was dependent on the peak GH levels. Whereas peak GH levels of 30 mUff produced changes in insulin requirements similar to those observed in our studies, levels of 50 mU/1 produced a sustained change in insulin sensitivity lasting 6-7 h. Levels far in excess of 50 mUff are often observed in adolescents with Type i diabetes. Variations in the frequency and amplitude of GH pulses may explain the sustained .changes in insulin sensitivity and the variability characteristic of the dawn phenomenon in Type i diabetes.
Whereas changes in insulin requirements were solely related to pulsatile GH administration, the effects on Bhydroxybutyrate and acetoacetate were evident on both GH infusion nights and were more marked on the nights when continuous GH was administered. The lipolytic and ketogenic effects of GH have been demonstrated in normal subjects made insulin-deficient by somatostatin [36] and in insulin-deficient diabetic patients [28] . Hyperketonaemia may result from increased lipolysis with an increased NEFA supply for ketogenesis or from a primary action of GH on hepatic ketone body production or peripheral utilization. If sufficient insulin is available, much of the ketogenic activity of GH is suppressed [28] . However, although a variable insulin clamp allowed optimum delivery of insulin to maintain euglycaemia throughout the study nights, ketone levels remained elevated.
Moller et al. [34] , in their studies of pulsatile GH administration, noted an increase in B-hydroxybutyrate maximal at 2 h which was reversed by 4 h. However, we noted no reversal in B-hydroxybutyrate even on nights where pulsatile GH was administered but levels were measured hourly and fluctuations in levels may not have been adequately documented. The greater levels during continuous GH infusion nights might solely reflect the higher insulin levels on pulsatile GH infusion nights. Jorgensen et al. observed no differences between B-hydroxybutyrate after pulsatile or continuous delivery of GH to GH deficient subjects but insulin and glucagon levels were not controlled in those studies [37] .
GH stimulates lipolysis, providing glycerol as a substrate for gluconeogenesis and NEFA which impair tissue glucose oxidation [38] . NEFA were elevated on both GH infusion nights but the changes were more marked after continuous GH administration. In normal subjects NEFA rise during the night [39] but following GH administration the acute lipolytic actions of GH are limited by a compensatory rise in insulin secretion and it is only during chronic (24 h) GH exposure that lipolytic effects are seen [36] . In Type 1 diabetes fasting NEFA levels are increased. The lower levels which we observed following nights where pulsatile GH was infused when compared with continuous GH administration might reflect increased insulin levels on these nights, as lipolysis is sensitive to small changes in peripheral insulin concentrations [40] . The high basal concentrations of GH which are observed in Type 1 diabetes in many ways mimic those observed during fasting which is also associated with a sustained rise in NEFA [42] . Basal concentrations of GH may therefore be an important metabolic 'signal' for both lipolysis and ketogenesis.
From our studies we would conclude that the elevated GH pulse amplitude rather than the elevated baseline GH concentrations leads to changes in insulin requirements overnight. However, changes in baseline concentrations may be the more important 'signal' for the stimulation of ketogenesis and lipolysis in these subjects. The differential metabolic effects of changes in both pulse amplitude and baseline GH concentrations need to be considered when therapeutic suppression of GH concentrations is attempted.
